Jet powers in many radio galaxies with extended radio structures appear to exceed their associated accretion luminosities. In systems with very low accretion rates, this is likely due to the very low accretion luminosities resulting from radiatively inefficient accretion flows. In systems with high accretion rates, the accretion flows are expected to be radiatively efficient, and the production of such powerful jets may require an accretion scenario which involves magnetically arrested discs (MADs). However, numerical simulations of the MAD scenario indicate that jet production efficiency is large only for geometrically thick accretion flows and scales roughly with (H/R) 2 , where H is the disc height and R is the distance from the BH. Using samples of FR II radio galaxies and quasars accreting at moderate accretion rates we show that their jets are much more powerful than predicted by the MAD scenario. We discuss possible origins of this discrepancy, suggesting that it can be related to approximations adopted in MHD simulations to treat optically thick accretion flow within the MAD-zone, or may indicate that accretion disks are geometrically thicker than the standard theory predicts.
INTRODUCTION
The radio-loudness of a quasar is defined as the ratio of radio luminosity (typically at 5 GHz) to optical luminosity (typically in the B-band). The radio luminosity of a quasar is related to jet power Pj, while the optical luminosity is related to accretion powerṀ c 2 , whereṀ is the accretion rate. For this reason, the radio-loudness is a proxy for the jet production efficiency defined to be ηj ≡ Pj/(Ṁ c 2 ). The first quasars were discovered following the identification of bright radio sources with point-like optical sources. However, not all quasars have such strong radio emission: in fact, the majority of quasars have been found to be radioquiet (Kellermann et al. 1989) . Present-day radio telescopes are able to detect the faint radio emission of radio-quiet quasars (e.g. White et al. 2015, and refs. therein) , however, their radio loudness is up to 3-4 orders of magnitude lower E-mail: krusinek@camk.edu.pl (KR) † E-mail: sikora@camk.edu.pl (MS) than that of the radio loudest AGNs (e.g. White et al. 2007 ). This indicates a large diversity of jet production efficiency.
There have been several scenarios proposed to explain such a diversity of jet production efficiency. The two most popular scenarios are the so-called "spin paradigm" (Wilson & Colbert 1995; Sikora et al. 2007; Garofalo et al. 2010; Fanidakis et al. 2011 ) and the intermittency of jet production (Livio et al. 2003; Körding et al. 2006) . According to the spin paradigm the jets are powered by rotating BHs and the jet production efficiency, ηj, is assumed to depend predominantly on the value of the BH spin. The drawback of this assumption is that it implies much lower values of BH spin in radio-quiet AGN than indicated by using "So ltan argument" (So ltan 1982; Elvis et al. 2002; Lacy et al. 2015) and predicted by numerical simulations of cosmological evolution of supermassive BHs (Volonteri et al. 2013) . The intermittent jet production scenario involves transitions between two accretion modes: one associated with a standard viscous accretion discs and another associated with accretion being driven by MHD winds. While this scenario may be attractive to explain intermittent jet activity observed directly in GRS 1915+105 (Livio et al. 2003 ) and the overabundance of compact radio galaxies in flux limited samples (Reynolds & Begelman 1997) , such accretion mode transitions are rather difficult to reconcile with the existence of 10 7 − 10 8 years old jets observed in FR II radio sources Bird et al. 2008; O'Dea et al. 2009; Antognini et al. 2012) and also with the lack of evidence for remnant radio lobes around radio-quiet quasars (Godfrey et al., in prep) . Furthermore, the "transition" models predict bimodal distribution of radio-loudness (e.g. Nipoti et al. 2005) and this is observed only if ignoring other than FR II sources (Lu et al. 2007; Rafter et al. 2011) .
Jet production theories are challenged not only by the large spread of radio-loudness, but also by the fact that the jet powers in many radio galaxies reach values comparable to the accretion powers (Rawlings & Saunders 1991; Punsly 2007; Fernandes et al. 2011; . In order to produce jets with such high efficiency in the BlandfordZnajek mechanism (Blandford & Znajek 1977) , BHs are required not only to be spinning very fast but also to be threaded by a very large magnetic flux. The required level of magnetic flux threading the black hole can only be maintained if it is confined by the ram pressure of the accretion flow. The latter condition implies a magnetically arrested disc (MAD) scenario, in which the innermost portion of the accretion flow is dynamically dominated by the poloidal magnetic field and accretion proceeds via interchange instabilities (Narayan et al. 2003; Igumenshchev 2008; Punsly et al. 2009; Tchekhovskoy et al. 2011; McKinney et al. 2012) .
Recent studies of the jet powers in a sample of radio selected FR II quasars by van Velzen & Falcke (2013) (see also van Velzen et al. 2015) show that the median jet production efficiency in these objects is tens times lower than maximal predicted by the MAD scenario. Such low jet production efficiency in the MAD scenario would require very low median BH spin and this led the authors to conclude that jet production in these systems does not involve magnetically arrested discs. However, the MAD models predict that the jet production efficiency depends not only on the BH spin, but also has a very strong dependence on the geometrical thickness of the accretion flow. According to Avara et al. (2016) the jet production efficiency at moderate accretion rates, where standard theory predicts very thin accretion discs, should be hundreds of times lower than that obtained from geometrically thick accretion discs. Therefore, due to the strong dependence of jet production efficiency on disc thickness, the problem is actually the opposite of the one claimed by van Velzen & Falcke, and can be expressed by the following question: how is it possible to obtain such high jet production efficiency in these radio-loud AGN, despite their apparently moderate accretion rates, and therefore geometrically thin accretion discs.
In the current work, we demonstrate the presence of high-ηj objects at moderate accretion rates, by considering the dependence of Pj/L d on the Eddington ratio L d /L Edd (where L d is the accretion luminosity and L Edd is the Eddington luminosity) for the following radio-loud AGN samples: z < 0.4 FR II NLRGs ) in §2.2; FR II quasars (van Velzen & Falcke 2013) in §2.3; 0.9 < z < 1.1 NLRGs (Fernandes et al. 2011) in §2.4 ; and a sample of BLRG+RLQ (Broad-Line Radio Galaxies plus Radio-Loud Quasars) compiled by Sikora et al. (2007) in §2.5. The theoretical implications of the presented distributions -with particular reference to the applicability of the MAD scenario -are discussed in §3 and summarized in §4.
We have adopted the Λ cold dark matter cosmology, with H0 = 70km s −1 , Ωm = 0.3 and ΩΛ=0.7.
JET PRODUCTION EFFICIENCY

Overview
In order to adequately assess the distribution of radio galaxies and quasars in the Pj/L d -L d /L Edd plane, we have combined four different samples of radio galaxies and quasars.
In the following, we describe each of these samples, and the methods used to estimate Pj, L d , and L Edd from the available radio and optical data.
FR II NLRGs at z< 0.4
This sample contains 207 FR II narrow-line radio galaxies extracted from the sample of z < 0.4 radio galaxies with extended radio structure selected by (Netzer 2009 ), which gives the disc luminosity with uncertainty 0.3 dex. The jet powers are calculated using the 1.4 GHz monochromatic radio luminosity, L1.4, along with the scaling relation of Willott et al. (1999) 
where we have assumed the radio spectral index between 151 MHz and 1.4 GHz is αr = 0.8 (using the convention Fν ∝ ν −α ). The formula is based on calorimetry of radio lobes and f is the parameter accounting for errors in the model assumptions. According to Blundell & Rawlings (2000) the value of f is between 10 and 20. More secure determination of jet power in FR II radio sources is based on the model of hotspots (Godfrey & Shabala 2013) . Unfortunately hotspots are often very weak or not visible. However, comparing jet powers of luminous FR II sources obtained using the hotspots and radio lobe calorimetry allowed us to calibrate the Willott et al. formula. For luminous FR II sources this gives f 10 and uncertainty of Pj calculated using Equation 2 is about 0.3 dex.
The distribution of Pj/L d for this sample is plotted in Fig. 1 . For many objects Pj/L d > 10, which for disc radiation
, whereṀ is the accretion rate.
In Fig. 2 we plot the ratio Pj/L d against the Eddington scaled accretion luminosity, or Eddington ratio,
As can be seen in this figure, the extreme . Uncertainties of P j /L d and λ Edd (described in the respective subsections) are presented in the lower left corner. The horizontal dashed line corresponds to the level where P j equals L d and the vertical dot-dashed line marks an approximate value of the Eddington ratio at which the accretion mode is changing from the radiatively inefficient (left side) to the radiatively efficient (right side) (Best & Heckman 2012; Mingo et al. 2014 ). An apparent anti-correlation exists between these two plotted properties.
efficiencies with Pj/L d > 10 and hence ηj > 1 are possessed only by radio galaxies with very low Eddington ratios, which are therefore presumably operating in the radiatively inefficient accretion regime. The median value of Pj/L d at moderate accretion rates corresponding to λ Edd > 0.003 is 2.65, implying a modest jet production efficiency of order ηj No discrepancy between sources with lower (197 objects marked by grey color) and higher (261 objects represented by yellow color) values is present.
The uncertainties of Pj, LD and MBH are estimated to be approximately 0.3 dex (for the latter see Tremaine et al. 2002) , resulting in 0.4 dex uncertainties of P j/L d and of
The FR II quasar sample
The FR II quasar sample used in this work was first obtained by van Velzen et al. (2015) based on the selection of doublelobed radio sources from the FIRST survey catalog, and cross-matching with SDSS quasars. In Table A2 we present the relevant data for this sample, including the monochromatic rest-frame luminosity at 1.4 GHz, L1.4, and if available, masses of black holes and Eddington ratios. The radio luminosities were calculated based on the 1.4 GHz lobe flux densities given by van Velzen et al., and k-corrected assuming radio spectral index αr = 0.85, along with standard ΛCDM cosmology, as specified in Section 1. The jet power Pj was calculated using Equation 2. The black hole masses and Eddington ratios, when available, were taken from Shen et al. (2011) thereby reducing the sample from 458 to 414 sources. The Pj/L d histogram and dependence of Pj/L d on λ Edd for this sample of FR II quasars are plotted together with z < 0.4 FR II NLRGs in Fig. 1 and Fig. 2 . As can be seen, the median jet production efficiency in FR II quasars is ∼ 0.02( d /0.1), i.e. ∼ 13 times lower than in the λ Edd > 0.003 subsample of z < 0.4 FR II NLRGs.
In Fig. 3 we show the Pj/L d distributions for the FR II quasars divided into two subsamples, with z > 1 and z < 1. The fact that the Pj/L d distributions are very similar for the high-and low-redshift subsamples indicates that the difference in median ηj between FR II quasars and z < 0.4 NLRGs at λ Edd > 0.01 is not caused by cosmological evolution of jet production efficiency, but rather by the different flux limits and procedures to select the two samples.
Uncertainties 2.4 0.9 < z < 1.1 sample of NLRGs
As we can see from Fig. 2 , the sample of z < 0.4 FR II NLRGs is poorly represented at log λ Edd > −1.5. This is primarily due to a low number of high accretion rate AGNs with very massive BHs in the local Universe. In order to verify how much this incompletness affects the average jet production efficiency in FR II RGs, we extend the FR II NLRGs sample by adding 27 z ∼ 1 NLRGs selected in 0.9 < z < 1.1 taken from Falder et al. (2010) . With a few exceptions, they all have FR II radio morphologies. The relevant data for this sample are presented in the Table A3 , which are taken from Table 1 in Fernandes et al. (2011) , as well as Table 3 in Fernandes et al. (2015) . As before, Pj is calculated based on Equation 2. The disc luminosity for this sample has been calculated using mid-IR data from Spitzer Space Telescope at wavelength 12 µm along with the following scaling relation: Richards et al. 2006) . Black hole masses have been derived using relation between the black hole and bulge masses (Häring & Rix 2004) . Their uncertainty is ∼ 0.3 dex. Combining it with uncertainty of disc luminosities, ∼ 0.2 dex, and jet powers, 0.3 dex, gives uncertainties of Pj/L d and of λ Edd , both about 0.4 dex. The sample is plotted in Fig. 4 . The median Pj/L d is similar to that of the z < 0.4 FR II NLRGs sample for λ Edd > 0.003 and uncertainties of the z ∼ 1 NLRGs sample are the same. They are marked in the lower left corner.
A BLRG+RLQ sample
The incompletness of SDSS quasars at moderate accretion rates (Kelly & Shen 2013 ) may introduce a bias in our analysis of FR II quasars due to underrepresentation of such objects, particularly at λ Edd < 0.03. In order to verify whether the incompleteness of SDSS quasars at moderate accretion rates can significantly affect the average value of ηj of our sample, we complete our studies of jet production efficiency by adding a sample of broad-line RGs co-selected with low redshift radio-loud quasars. The sample is comprised of radio-loud broad-line AGN with redshift z < 0.4, selected from Véron-Cetty & Véron (1989) by Eracleous & Halpern (1994 and used by Sikora et al. (2007) to study radioloudness of these objects. Using a formal, luminosity related definition of quasars, these objects were divided by Sikora et al. into two subsamples: broad-line radio galaxies (BLRGs) and radio-loud quasars (RLQs). The BLRG+RLQ sample data are listed in Table A4a and A4b. As with the previous samples, Pj is calculated using Equation 2, but in this case, we have had to extrapolate flux densities at 5 GHz to 1.4 GHz using a radio spectral index αr = 0.8. The disc luminosity is calculated based on the B-band and using the bolometric correction from Richards et al. (2006) . Its uncertainty is ∼ 0.1 dex. Black hole masses have been derived using virial estimators (e.g. Woo & Urry 2002) , and uncertainties of such estimators are ∼ 0.4 dex. With these uncertainties and 0.3 dex uncertainty of Pj, the uncertainties of Pj/L d and λ Edd are ∼ 0.3 dex and ∼ 0.4 dex, respectively. They are marked in Fig. 4 in the lower left corner together with uncertainties for the z ∼ 1 NLRGs sample. As we can see in Fig. 4 , despite these large uncertainties, the BLRG+RLQ sample is fully consistent with the sample of FR II quasars from van Velzen et al.
DISCUSSION
The applicability of the MAD scenario for the production of powerful AGN jets was recently investigated using 3D general-relativistic, magnetohydrodynamic simulations (Igumenshchev 2008; Punsly et al. 2009; Tchekhovskoy et al. 2011; McKinney et al. 2012 ). These studies demonstrated that magnetically arrested discs have the ability to launch jets with a power comparable to the accretion power, as is required to explain the energetics of radio lobes in the radioloudest FR II sources (Rawlings & Saunders 1991; Punsly 2007; Fernandes et al. 2011; .
However, the MAD simulations indicate there is a clear trend of decreasing efficiency of relativistic jet production with decreasing geometrical thickness of the accretion flow. This trend was found in the case of "non-radiative" models with disk thickness H/R = 1.0 − 0.3 (Tchekhovskoy et al. 2011; McKinney et al. 2012) , and was explained as the being due to loading boundary layers of the Blandford-Znajek outflow with mass to such a level that these outflows do not gain relativistic speeds. More recently, simulations of the MAD scenario were extended by Avara et al. (2016) to cover the case of the optically thick accretion flows, with H/R ∼ 0.1. Combining the results of these simulations with results obtained for non-radiative and geometrically thicker accretion flows they derived the following empirical formula describing a dependence of the jet production efficiency ηj on geometrical thickness and dimensionless BH spin a, ηj 4a
which for H/R 1 gives ηj ∼ 4a 2 (1 + 0.3a) 2 (H/R) 2 . According to the standard accretion disc model (Novikov & Thorne 1973; Laor & Netzer 1989) , maximal thickness of a disc accreting onto a BH with a ∼ 1 and producing radiation at a rate λ Edd ∼ 0.1 is H/R ∼ 0.04. For these parameters the above formula gives ηj 0.01. This is a factor 2 less than the median value of the FR II quasars sample and by a factor 20 less than its upper bound in the Pj/L d vs. λ Edd plots. Noting ∼ 0.4 dex uncertainties of Pj/L d , it is rather unlikely that above discrepancy is resulting from errors of Pj and/or L d . Then we can envisage two possible solutions of this discrepancy. One is that because MHD simulations of radiative, optically thick accretion flows are still not fully self-consistent, the extrapolation of dependence of ηj on H/R indicated by non-radiative accretion flows down to the regime of optically thick accretion flows can be quantitatively inaccurate. Another possibility is that optically thick accretion discs are much thicker than predicted by the standard accretion disc theory. The disc can be thicker in presence of strong toroidal magnetic fields (e.g. Begelman & Pringle 2007; Sadowski 2016) , or can be accompanied by heavy, viscously driven corona (Różańska et al. 2015; Begelman et al. 2015) . Furthermore, within the MAD zone the disc is radially balanced against gravity by dynamically dominated poloidal magnetic fields and, therefore, even if outside the MAD-zone the disc is geometrically thin, within the MAD-zone it can become sub-Keplerian and thicker than the standard one. The suspicion that approximations used by Avara et al. to treat in MHD simulations the optically thick disc are inaccurate is also supported by the fact, that they predict larger radiative efficiency of MADs than of standard accretion discs, whilst observations indicate the opposite: radio-quiet quasars have been found to be more luminous in UV than radio-loud quasars (Punsly et al. 2016, and refs. therein) .
Obviously, not all radio-loud quasars have FR II radio morphology. According to de Vries et al. (2006) , most of them have radio structures too compact to be resolved, or if resolved, are recorded as CSOs (Compact Symmetric Objects), CSS (Compact Steep-Spectrum) sources and GPS (GHz-peaked spectrum) sources (An & Baan 2012, and refs. therein) . Many of them are as radio loud as FR II RGs and quasars and therefore can also be considered to involve MAD scenario. However, about 90 percent of all quasars are not detected in radio or have very weak radio emission which can be associated with starburst activities (Kimball et al. 2011) or with shocks formed by the quasar driven outflows (Zakamska & Greene 2014) .
It is tempting to speculate, that the reason for a very small fraction of radio-loud quasars is associated with "a steep magnetic-flux function" of quasar precursors developed during a hot, quasi-spherical accretion phase, where the steepness can be determined by different levels of ordering in the magnetic fields that are advected to the center, and/or by the duration of the quasar pre-phase (Sikora & Begelman 2013 ). This scenario is schematically illustrated in Fig. 5 . For a given amount of magnetic flux Φtot accumulated during the quasar pre-phase (Bondi accretion phase), the MAD accretion mode will operate during a subsequent BLRG/quasar phase only if Φtot exceeds ΦBH,max(Ṁ ). One can easily deduce from this figure, that the fraction of objects operating in the MAD mode is predicted to increase with decreasing accretion rate. Such a trend is indicated at higher accretion rates by studies of quasars (Kratzer & Richards 2015) , at moderate accretion rates -by studies of double-peak emission line galaxies (Wu & Liu 2004) , and at very low accretion rates -by studies of nearby galaxies (Terashima & Wilson 2003; Chiaberge et al. 2005) . Indications of a possible MAD scenario operation during the Bondi accretion phase have been recently provided by studies of Pj/Ṁ Bondi in several nearby radio galaxies (Nemmen & Tchekhovskoy 2015) .
Finally, we consider variability of the accretion rate as a possible complicating factor in our interpretation of the Pj/L d − λ Edd distribution. The radio luminosity is related to the total energy content of the lobes, and is dependent on the time-averaged jet power averaged over the lifetime of the source. As a result, the jet power calculated from the lobe radio luminosity represents a measure of the time-averaged jet power. The hotspot luminosity may vary on short timescales due to variation in jet power, but the hotspots typically contribute only a small fraction of the total radio luminosity (Mullin et al. 2008) , and so the integrated lobe luminosity will not be significantly affected by short timescale variation in the jet power. In contrast, the disc luminosity is a measure of instantaneous accretion rate, and the accretion rate may vary significantly on timescales much shorter than the lifetime of the radio galaxy. As a result, variability of the accretion disc luminosity will cause variability in the "apparent" jet production efficiency and Eddington ratio. Consider for example a source in which the accretion power varies by a factor of 10 between its maximum and minimum accretion rates. This object, if observed during its accretion rate minimum, will appear to have 10 times lower Eddington ratio and 10 times larger jet production efficiency than if it were observed at its accretion rate maximum. In effect, variability of the accretion rate will cause the Pj/L d − λ Edd distribution to be stretched along a line with slope −1 in the Pj/L d − λ Edd plane, broadly consistent with the slope of the distribution of points shown in Figure 4 . Furthermore, for a duty cycle ∼ 1/2, the object's apparent jet production efficiency will be about 5 times larger than the true jet production efficiency when observed at its minimum accretion rate, and about 2 times smaller when observed at its maximum accretion rate. A natural driver of variability in the accretion rate is viscous instabilities in accretion discs (Janiuk et al. 2002; Janiuk & Czerny 2011) . Observational support for this hypothesis may come from the spatial modulation of the radio brightness distributions seen in some large scale jets (Godfrey et al. 2012) .
SUMMARY
The compilation of data on Pj/L d and λ Edd taken from four independently selected samples clearly show a drop of the jet production efficiency at higher accretion rates (Figure 4) . It is tempting to connect this drop in jet production efficiency with a transition from radiatively inefficient, optically thin Figure 5 . This figure illustrates a condition that must be satisfied in order to obtain a magnetically arrested disc, and also demonstrates how this condition dictates the fraction of radio loud AGN as a function of accretion rate,Ṁ . The inner accretion flow will become magnetically arrested only if Φtot exceeds Φ BH,max (Ṁ ), where Φtot is the magnetic flux assumed to be accumulated in the central region of an AGN following the hot accretion phase preceding the higher accretion event associated with the BLRG or quasar phenomenon, while Φ BH,max (Ṁ ) is the maximal magnetic flux that can be confined on a BH by an accretion flow. For Φtot < Φ BH,max (Ṁ ) the magnetic flux will be entirely enclosed on the black hole and the magnetically arrested disc will not be formed. It is assumed that efficient jet production (and therefore highly radio loud AGN) only occur in the MAD case, when Φtot > Φ BH,max (Ṁ ), while jet production is assumed to be inefficient in the case of No MAD when Φtot < Φ BH,max (Ṁ ). This condition implies that the fraction of AGN that are radio loud decreases with increasingṀ . For details see Sikora & Begelman (2013) .
accretion flows (RIAF) to the standard, optically thick accretion discs and assume that the key ingredient for jet production is the presence of the hot gas associated with the bulk accretion flow (at low accretion rates) or with the disc corona (at high accretion rates) (e.g. Cao 2004; Wu et al. 2013) . However, in order to produce at λ Edd > 0.01 jets with Pj/L d approaching unity, as is observed for many objects, requires magnetic fluxes in the central regions too large to be supported by disc coronas. This argument favors the MAD-scenario, but with a geometrical thickness of accretion flows much larger than the thickness predicted by standard theory. Whether the discs become thicker once entering the MAD-zone, or must be already thicker prior to the MADzone is the subject for future investigations. Table A1 . Radio and optical properties of z < 0.4 FR II NLRGs from Table 1 in with some calculated values in this work. The disc luminosities L d were determined using L Hα . Table A2 . Some properties of FR II quasars from Table A1 in van Velzen et al. (2015) . Few columns calculated in this work were added, together with black hole masses and Eddington ratios taken from Shen et al. (2011) . Table A3 . Properties from the Table 1 in Fernandes et al. (2011) and Table 3 in Fernandes et al. (2015) with added log P j and log P j /L d values. 
